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Abstract 
Although mercury toxicity has been recognized for centuries, the atmospheric cycle of 
this element is still not fully understood. In order to obtain a better perspective of the 
dynamics of atmospheric mercury in urban areas, total gaseous mercury (TGM) was 
measured at a brownfield site at the Center of Excellence (CoE) in Syracuse NY from 
2011 to 2016. The brownfield was removed on May 2015, and a parking lot was 
installed. For this study, I had a series of objectives including: (1) to understand 
vertical and temporal variations in TGM concentration; (2) investigate the influence 
of meteorological factors on TGM concentrations and variations; (3) evaluate the 
effect of brownfield removal and site restoration on TGM concentrations and 
variations; (4) compare TGM variation at this site with other monitoring sites in New 
York State to confirm hypothesis made in this study. Continuous TGM measurements 
were made at two different heights (1.8 m and 42.7 m) at the COE. To interpret TGM 
variations, meteorological data collected by SUNY-ESF were also used in this 
analysis. In addition, mercury flux measurements from the land surface was 
conducted at this site on June 2015. Prior to brownfield remediation, the overall 
average TGM concentrations were 1.6±0.58 ng/m3 and 1.4±0.40 ng/m3 at ground and 
upper level, respectively. TGM tended to have higher concentrations during night and 
in the morning, and was positively correlated with air temperature, solar radiation, but 
negatively correlated with wind speed. After brownfield remediation, TGM 
concentrations immediately decreased by 32% and 22% at the ground and upper level, 
respectively and likely to have higher concentrations during nighttime and lower 
concentrations in the daylight. Relations of TGM concentrations with temperature, 
solar radiation and wind speed were completely eliminated after brownfield 
remediation. These results suggest that TGM concentrations at this site were strongly 
controlled by local mercury evasion prior to brownfield removal, with evasion rate 
increasing due to higher air temperature and stronger solar radiation. TGM derived 
from mercury evasion from the site were diluted by horizontal mixing from winds and 
vertical mixing associated with movement of the PBL.   
 
 
Patterns of Total Gaseous Mercury Variation Prior to and After Brownfield 
Remediation in Syracuse, NY 
 
By  
 
Linghui Meng 
B.S., Minzu University of China, 2012 
 
Thesis 
Submitted in partial fulfillment of the requirements for the degree of  
Master of Science in Environmental Engineering Science 
 
 
Syracuse University 
 
May 2017 
 
 
 
 
 
 
 
 
 
 
 
Copyright ©  Linghui Meng 2017 
 
All Rights Reserved 
 
  
V 
 
 
Acknowledgements 
This study is guided by Dr. Charles Driscoll. I would like to express my heartfelt 
thanks to him for supporting me to finish my master’s thesis. I’d like to thank Mario 
Montesdeoca, Paul K. McCathy and Patrick McHale for their support and association 
during this project. I also thank Drs. David Gay and Huiting Mao for providing 
mercury data collected at AMN sites and SUNY-ESF campus, and Dr. Myron Mitchell 
and Geoffrey Millard for providing meteorological data. I would like to thank US 
EPA, NOAA and Syracuse Hancock International Airport for data provided for this 
study. 
 
  
VI 
 
 
Table of Contents 
1.1 Use and Effects of Mercury ..................................................................................................... 1 
1.2 Mercury in the Environment ................................................................................................... 2 
1.2.1 Mercury in the Environment ......................................................................................... 2 
1.2.2 Atmospheric Cycle of Mercury .................................................................................... 2 
1.3 Atmospheric Mercury Patterns ............................................................................................... 5 
1.3.1 Distribution of Atmospheric Mercury ......................................................................... 5 
1.3.2 Trends in Atmospheric Mercury Concentrations ..................................................... 6 
1.3.3 Mercury Seasonal Variation .......................................................................................... 6 
1.3.4 Mercury Diurnal Variation ............................................................................................ 7 
1.4 The Influence of Meteorological Factors on Atmospheric Mercury Concentrations . 8 
1.4.1 Temperature ...................................................................................................................... 8 
1.4.2 Solar Radiation ................................................................................................................. 9 
1.4.3 Moisture ............................................................................................................................. 9 
1.4.4 Wind ................................................................................................................................. 10 
1.5 Mercury Studies in Urban Areas .......................................................................................... 11 
1.6 Scope of This Research .......................................................................................................... 12 
2. Methods .............................................................................................................................................. 13 
2.1 Site Description ........................................................................................................................ 13 
2.2 Instrumentation......................................................................................................................... 14 
2.3 Sampling Methods ................................................................................................................... 15 
2.3.1 Atmospheric Mercury ................................................................................................... 15 
2.3.2 Mercury Evasion Flux Measurement ........................................................................ 15 
2.4 Quality Assurance/ Quality Control .................................................................................... 18 
2.4.1 Automatic Calibration .................................................................................................. 18 
2.4.2 Standard Addition .......................................................................................................... 18 
2.4.3 Manual Injection ............................................................................................................ 18 
2.4.4 Determining the GAST Pump Flux ........................................................................... 19 
2.5 Data Analysis ............................................................................................................................ 20 
2.6 Data from Other Study Sites ................................................................................................. 20 
3. Results ................................................................................................................................................ 22 
3.1 TGM Variations and Factors Controlling TGM Variation Prior to Soil Removal ... 22 
3.1.1 Overall Summary ........................................................................................................... 22 
VII 
 
 
3.1.2 Seasonal Variation ......................................................................................................... 24 
3.1.3 Diurnal Variability......................................................................................................... 26 
3.1.4 Relationships between TGM Concentrations and Meteorological Factors ...... 28 
3.2 TGM Variations and Controlling Factors after brownfield Removal .......................... 31 
3.2.1 TGM Variation ............................................................................................................... 31 
3.2.2 Relationship between TGM Concentrations and Meteorological Factors ........ 31 
3.2.3 Relationship of Mercury Evasion Flux with TGM Concentrations and 
Meteorological Factors ................................................................................................................... 32 
4. Discussion .......................................................................................................................................... 34 
4.1 TGM Variation Prior to Soil Removal ................................................................................ 34 
4.1.1 Meteorological Factors Influence on TGM Concentrations ................................ 34 
4.1.2 Vertical TGM Concentration Differences ................................................................ 37 
4.1.3 The Diurnal Variation of TGM Concentrations ...................................................... 37 
4.2 Brownfield Influence on TGM Concentrations and Variation ...................................... 40 
4.2.1 Brownfield Influence on TGM Concentrations .............................................................. 40 
4.2.2 Influence on Relationship between TGM Concentration and Meteorological Factors
 …………………………………………………………………………………………………………………..42 
4.3 Comparison with Mercury Variation at Other Sites ........................................................ 44 
4.3.1 The Comparison with Mercury Study in Toronto .................................................. 44 
4.3.2 Comparison of TGM Variation at the CoE with Other Sites in NY State ........ 45 
5. Conclusions ....................................................................................................................................... 48 
6. Suggestions for Future Study ........................................................................................................ 49 
Reference .................................................................................................................................................... 51 
Vita.. ............................................................................................................................................................. 54 
 
 
 
 
 
 
 
 
 
VIII 
 
 
List of Illustrative materials 
1. Sampling location of total gaseous mercury measurements……………………. 15 
2. Schematic diagram of atmospheric TGM measurement system……………........18 
3. Schematic diagram of soil evasion measurement system………………………. 18 
4. Location of atmospheric mercury monitoring sites used in New York State........22 
5. Comparison of overall average TGM concentrations for ground and upper level, 
and before (2011-2012) and after (2015-2016) brownfield remediation………...24 
6. Comparison of TGM concentrations at the ground level with values at height 
before (2011-20120) and after soil removal (2015-2016) ……………………….24 
7. Seasonal mean and standard deviation of TGM measurements and supporting 
meteorological factors, air quality concentrations and estimated height of the 
planetary boundary layer (PBL) at Syracuse for 2011-2012…………….............26 
8. Comparison of diurnal patterns of TGM concentration at ground level and height 
before (2011-2012) and after brownfield remediation (2015-2016) …………….28 
9. Relationship between TGM concentration and air temperature at ground level and 
at height before (2011-2012) and after (2015-2016) brownfield remediation…...29 
10. Comparison of TGM concentrations and solar radiation at ground and upper level 
before (2011-2012) and after (2015-2016) brownfield remediation……………. 30 
11. Comparison of relationship between TGM concentrations and wind speed at 
height before (2011-2012) and after (2015-2016) brownfield remediation……...31 
12. Mean daily diurnal pattern of TGM concentrations at the ground level and at 
height with mercury evasion flux from soil in June 2015. Also shown are air 
temperature, solar radiation and relative humidity……………………………….34 
13. Annual mean and standard deviation of TGM for Syracuse COE and other sites in 
New York (2011-2016) ………………………………………………………….37 
14. Comparison of TGM diurnal patterns for Syracuse with AMN sites in New York 
State, including (a) spring; (b) summer; (c) fall; and (d) winter (2011-
2012) …….....…………………………………………………………………….47 
 
1 
 
 
1.1 Use and Effects of Mercury 
Mercury is a naturally occurring metallic element. Before mercury bio-toxicity 
was widely recognized, it was widely used for medical applications, measuring 
devices, paint, as a fungicide and other applications. Aside from being used in 
fluorescent lamps, most mercury products have been gradually replaced by less toxic 
alternatives due to health concerns (Surmann and Zeyat, 2005).  
Several forms of mercury exist, including elemental mercury, oxidized mercury, 
and methyl mercury. Studies have shown that mercury toxicity varies with the 
mercury forms and dose (Bernhoft, 2012). Elemental mercury damages the brain and 
nervous system. Chronic exposure to low levels of elemental mercury causes 
weakness, fatigue, anorexia and weight loss and will induce severe pneumonitis and 
cause death in extreme cases (Bernhoft, 2011). Oxidized mercury impacts the 
intestine and kidney function. Methyl mercury strongly bioaccumulates and is a 
neurotoxin. Mercury pollution can seriously affect public health. Minamata, first 
reported in Japan in 1956, is the most well-known disease caused by methyl mercury. 
Its symptoms include ataxia, muscle weakness, and impaired in hearing and speech. 
In extreme cases, it causes insanity, paralysis, coma, and death within a few weeks 
after the onset of symptoms. There are 2265 victims of Minamata that have been 
officially recognized by the Japanese government, 1784 of these have died. Mercury 
is released to the environment from fossil fuel combustion, industrial activities, 
mining and other human activities resulting in concern about the potential health risk 
associated with the formation of toxic methylmercury (Amos et al., 2013) 
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1.2 Mercury in the Environment 
1.2.1 Mercury in the Environment 
There is a dynamic cycle of mercury in the environment. Most of mercury 
exists as stable compounds and stores in the Earth’s crust. The average concentration 
of mercury in the Earth’s crust is 0.08 µg/g (Ehrlich and Newman, 2008). Mercury is 
released naturally by volcanic eruptions, and oxidation and weathering processes of 
rocks and minerals. Much of the mercury released by human or natural processes 
cycles through the atmosphere (Driscoll et al., 2013). The ultimate fate of this 
mercury is soil or ocean sediments. A small proportion of the released mercury is 
dissolved, transported and processed in water. Mercury cycles through various 
biological process including plant uptake, release to detrital pool and the atmosphere, 
and accumulates along food chains. According to Driscoll et al (2013), 1000 Gg 
mercury is in soil, 357 Gg mercury is dissolved in ocean water, and 5 Gg Mercury is 
in the atmosphere, but there is no reliable estimate of the mercury pool in the 
biosphere. 
1.2.2 Atmospheric Cycle of Mercury 
1.2.2.1 Mercury Species in Atmosphere 
There are three forms of mercury in air: gaseous elemental mercury (GEM), 
reactive gaseous mercury (RGM), and particulate-bound mercury (PBM). GEM has 
stable physical and chemical properties, and its lifetime has been reported to range 
from 0.5 to 2 years (Parsons et al., 2013). RGM is an oxidation product of GEM but 
can also be directly emitted from human sources, and has a lifetime ranging from 
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hours to days in the atmosphere. PBM is a product of RGM absorbed by particulates, 
it is largely found in the fine fraction (≤2.5µm), but can also occur in the coarse 
fraction of particulate matter (>2.5µm) (Keeler et al., 1995). The lifetime of PBM 
depends on particle diameter, and is generally less than 10 days (Schroeder & 
Munthe, 1998). In this study, we measured the concentration of total gaseous mercury 
(TGM), which is a sum of GEM and RGM. 
1.2.2.2 Mercury Sources 
Atmospheric mercury emissions include natural and anthropogenic sources. 
Natural sources are biotic and abiotic natural processes that produce atmospheric 
mercury, which includes mercury emissions from terrestrial and aquatic surfaces, 
volcano eruptions, and biomass burning. According to Selin (2009), mercury 
emissions from water surfaces is the largest natural mercury source (5000 Mg·yr-1), 
followed by mercury emissions from land surfaces (1100 Mg·yr-1), biomass burning 
(600 Mg·yr-1) and volcano eruptions (500 Mg·yr-1). UNEP (2013) estimated that 
mercury emissions from water surfaces is 2000-2950 Mg·yr-1, followed by mercury 
emission from soil and vegetation surfaces (1700-2800 Mg·yr-1), biomass burning 
(300-600 Mg·yr-1) and volcano eruptions (80-600 Mg·yr-1).  
Anthropogenic mercury sources include fossil fuel combustion, mining, smelting 
and production of metals, cement production, oil refining, emissions from 
contaminated sites, artisanal and small-scale gold mining, chlor-alkali industry, 
consumer products, waste incineration and others (Pirrone et al., 2010). There are a 
variety of estimates of the total amount of mercury released from anthropogenic 
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sources. Pirrone et al. (2000) estimated that annual human mercury discharge is 2239 
Mg·yr-1, Selin (2009) estimated 3400 Mg·yr-1, and UNEP (2013) estimated 2000 
Mg·yr-1. 
Note that mercury is not only derived from direct emission but mercury 
deposited from atmosphere to the Earth’s surface also can be reemitted to the 
atmosphere as a secondary emission sources. Grigal suggested that up to 80% of 
deposited mercury on land surface is remitted to the atmosphere (Grigal, 2002).  
1.2.2.3 Mercury Transformation and Transport 
Atmospheric mercury transformations include GEM oxidation and RGM 
reduction. GEM oxidation to RGM can be mediated by O3, ·OH (Lin & Pehkonen, 
1997), Br· (Holmes et al., 2010) and Cl· (Impey et al., 1997). Meanwhile RGM can 
be reduced by solar radiation in association with particulates. Kunkely et al. (1997) 
reported that several mercuric complexes decompose and release GEM associates 
with UV light. This reaction is thought to occur in the upper troposphere. There is no 
evidence to show it occurs in the lower troposphere. RGM reduction at lower 
troposphere occurs in the aqueous phase (Ericksen et al., 2005) and on snow surfaces 
(Dommergue et al., 2012), which are accelerated with light.  
GEM has a long residence time in the atmosphere due to its stable properties 
(0.5-2 years), which allows for long distance or even continental scale transport 
(Petersen et al., 1995). Observations at the Harvard Forest shows clear evidence of 
long-distance transport of gaseous mercury in a smoke plume from forest fires in 
northern Quebec, Canada (Sigler et al., 2004). Several studies have suggested that 
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East Asia is an important regional anthropogenic mercury source, and is an important 
input to North American (Seigneur et al., 2004; Selin & Jacob, 2008; Weiss-Penzias et 
al., 2007).  
1.2.2.4 Mercury Fate 
Dry and wet deposition are two pathways by which atmospheric mercury reaches 
the Earth’s surface. Dry deposition is gaseous and particulate mercury deposited to 
ground or water surfaces. All mercury species can be removed by dry deposition, with 
the greatest flux occurring as GEM. Mercury wet deposition is atmospheric mercury 
washed out by precipitation. The dominant mercury species removed by wet 
deposition are RGM and PBM due to their high water-solubility. Selin et al. (2009) 
estimated that deposition removed 4100 Mg mercury from the atmosphere to land and 
7100 Mg mercury to the oceans. Note that the mercury lost through deposition may 
not be permanently removed from the atmospheric cycle. The mercury deposited to 
land surface can be re-emitted into the atmosphere by reduction followed by evasion.  
1.3 Atmospheric Mercury Patterns  
1.3.1 Distribution of Atmospheric Mercury 
The distribution of mercury in the atmosphere is not homogenous. Background 
concentrations of GEM at sea level are 1.5-1.7 ng/m3 in the Northern Hemisphere and 
1.1-1.5 ng/m3 in the Southern Hemisphere (Lindberg et al., 2007). Aircraft 
observations revealed the atmospheric mercury concentration is homogeneous in the 
troposphere, and sharply decreases in the lower stratosphere (Talbot et al. 2007). 
Whereas, mercury concentrations under boundary layer are not homogeneous. A study 
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of mercury in Toronto reported an increase in TGM concentrations with increasing 
sampling height (3.5, 7, 12 m) from the land surface (Denis et al. 2006; Song et al. 
2009).  
1.3.2 Trends in Atmospheric Mercury Concentrations 
The mercury concentration in the atmosphere has not been constant over time. A 
study of an ice core collected at Wyoming suggests the mercury deposition has 
increased in recent centuries (Schuster, et al., 2002). This pattern is likely an 
indication of an increase in atmospheric mercury concentrations. Two sharp increases 
in mercury deposition were observed from the ice core. One increase occurred in the 
late 1800s, which corresponds with the gold rush in North American. The other 
increase occurred in the late 1900s, which corresponds with increase in coal-fired 
power plants (UNEP, 2013). However, direct observations have revealed a decrease in 
atmospheric mercury concentration in recent decades. Slemr et al. (2011) has reported 
a 20 to 38% decrease in GEM concentration since 1996 from continuous mercury 
measurements in North America. The current decreasing trend in mercury 
concentrations is thought to be a result of decrease in mercury emissions. Zhang et al., 
(2016) investigated global mercury emission inventories and reported a decrease in 
mercury emissions, with a 20% decrease of total mercury emissions and a 30% 
decrease in anthropogenic emissions at the global scale.   
1.3.3 Mercury Seasonal Variation 
There are several different seasonal patterns of GEM concentration have been 
reported in the literature. For example, GEM often has the highest concentration in 
7 
 
 
summer and the lowest concentration in winter (Kim et al., 2011; Xin Lan et al., 2014; 
Zhu et al., 2012). This pattern is believed to be the result of high soil mercury 
emissions in summer. Mercury has also been shown to have higher concentrations in 
summer and winter, but lower concentrations in spring and fall (Denis et al, 2006; 
Poissant et al., 2005). This pattern is attributed to increased emissions from 
anthropogenic sources associated with reduced GEM oxidation in winter and higher 
mercury emission and re-emissions from the land surface due to high air temperature 
in summer. There are also reports of sites having high GEM concentrations in winter. 
There are two possible explanations for this pattern. Stamenkovic et al. (2007) 
suggested that this pattern is due to temperature inversion and reduced photo-
oxidation in winter, while Schroeder and Munthe (1998) explained this pattern by 
reduced boundary layer height coupled with enhanced anthropogenic emissions in 
winter.  
1.3.4 Mercury Diurnal Variation 
Three types of diurnal patterns of atmospheric mercury concentrations have been 
frequently reported in the literature. First, mercury concentrations decrease at night 
reaching a minimum before sunrise, and then gradually increase reaching a maximum 
before noon (Cchoi et al., 2013; Kellerhals et al., 2003; Lan et al., 2012; Mao et al., 
2016). This pattern is thought to be caused by an increase in soil mercury evasion 
with increasing air temperature and solar radiation associated with strong downward 
mixing in the morning, and increasing GEM oxidation in the afternoon. Second, 
mercury accumulates in the planetary boundary layer (PBL) overnight reaching a 
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maximum before sunrise, and then rapidly decreases reaching the minimum in the 
afternoon, and increases again after sunset. (Choi et al., 2013; Lan et al., 2014; Song 
et al., 2009; Mao et al., 2016). This pattern is considered to be the result of variation 
in the PBL under a relatively constant mercury release rate. The PBL height decreases 
with decreasing air temperature at night, causing GEM to accumulate under the 
boundary layer and concentrations to increase. After sunrise, the PBL height increases 
with increasing air temperature during daylight, diluting GEM and decreasing 
concentrations. Third, mercury remains at a constant concentration during the day, 
except for a rapid increase after sunrise. The rapid increase is thought to due to 
mercury from higher altitudes brought to the surface after residual layer erodes after 
sunrise (Lan et al., 2014; Stamenkovic et al, 2007), while others believe this pattern 
due to reduction of oxidized mercury from land surfaces by solar radiation (Schroeder 
et al, 1998). 
1.4 The Influence of Meteorological Factors on Atmospheric Mercury 
Concentrations 
1.4.1 Temperature 
  Studies have revealed temperature influences atmospheric mercury 
concentrations by several mechanisms, including increasing mercury evasion rate 
with increasing temperature; increases in GEM photooxidation rate with increasing 
temperature, and indirectly by increasing GEM dilution associated with increases in 
the PBL height with increases in air temperature. Gabriel et al. (2006) showed that the 
emission rate of GEM from grass covered soil was constant at 2-3 ng∙m-2∙h-1 at 10-
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20℃, but increased to 7-8 ng∙m-2∙h-1 at 20-30℃. Choi et al. (2013) observed a 
negative correlation between GEM and air temperature as well as a positive 
correlation between RGM and air temperature. These correlations suggest an increase 
in GEM oxidation with increasing air temperature. Lan et al. (2014) reported a strong 
correlation between TGM mixing ratio and PBL height. 
1.4.2 Solar Radiation 
Solar radiation is considered to be an important factor influencing atmospheric 
mercury concentrations. Solar radiation is thought to accelerate GEM oxidation, and 
induces deposited mercury to be reduced and re-emited causing increase in mercury 
evasion rate. Gustin et al. (2002) reported that mercury emission rate from soil 
enhanced by 1.5 to 116 times under light compared with dark conditions. Schroeder 
and Munthe (1998) found that solar radiation can promote the reduction of deposited 
RGM to GEM, resulting in emissions to the atmosphere. Poissant et al. (2004) 
reported that RGM concentration was related to solar radiation, and suggested that 
GEM oxidation rate is enhanced by increasing solar radiation. RGM reduction is also 
thought to be enhanced by solar radiation. Kunkely et al. (1997) reported RGM 
reduction was accelerated by UV light in the upper troposphere. Studies suggest that 
RGM reduction also occurs in the aqueous phase (Ericksen et al., 2005) and on snow 
surface (Dommergue et al., 2012) associates with light.  
1.4.3 Moisture 
Research has shown that moisture influences atmospheric mercury 
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concentrations. Precipitation is considered as the dominant process removing water-
soluble mercury from the atmosphere. Whereas, an increase in soil moisture is 
thought to increase mercury emissions from soil. Johnson et al. (2003) reported that 
precipitation input to dry soil increases soil GEM evasion. RGM reduction is thought 
to occur in the aqueous phase (Ericksen et al., 2005). Choi et al. (2013) showed that 
the GEM concentrations were significantly higher under high humidity condition 
(relative humidity > 80%) than that under lower humidity conditions, while RGM 
concentrations showed the opposite pattern. Soil moisture is thought to increase 
mercury absorption in soil (Poissant & Casimir, 1998; Siegel et al, 1988). However, 
Fang (1981) suggested that ability of soil to absorb mercury increases with soil 
moisture but reaches a maximum and then decreases.  
1.4.4 Wind 
Wind facilitates long distance transport of GEM from sources to remote sources, 
but dilutes high local TGM concentrations. Mercury derived from sources outside of 
region can significantly increases local mercury concentrations. Sigler et al. (2004) 
observed elevated gaseous mercury concentrations associated with a smoke plume 
from a forest fire in Canada. Liu et al. (2010) reported that GEM originating from the 
urban area of Detroit is an important source for a rural site downwind from the urban 
area. Note that air low in mercury can decrease local gaseous mercury concentrations. 
Lan et al. (2014) found that wind supplied clean marine air to the inland area in 
Houston diluting local TGM concentrations. 
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1.5 Mercury Studies in Urban Areas 
Improving understanding of atmospheric mercury dynamics in the urban 
environment is an important research endeavor. The atmospheric cycle of mercury in 
urban landscapes is different from that of rural environments in several respects. First, 
human activities, including industrial activities and fossil fuel combustion release 
large amounts of mercury directly into the atmosphere increasing mercury 
concentrations. Second, the heat island effect, which is the result of ground surface 
modification associated with urbanization, increasing temperature produces local 
secondary circulation and alters the transport of mercury to the upper atmosphere. 
Third, mercury soil evasion in urban areas is lower than rural areas due to an 
abundance of impervious land cover which limits evasion. Gabriel et al (2006) 
showed that the average mercury evasion rate from pavement surface in Tuscaloosa, 
Alabama is 0.02 ng m-2 h-1, much lower than from bare soil (6.48 ng m-2 h-1). Fourth, 
structures in urban areas disrupt air exchange. Weakened air exchange associated with 
the asymmetrical distribution of mercury sources causes mercury concentrations to 
vary significantly among areas of a given city. Carpi and Chen (2002) in a study of 
New York City and Kim et al. (2011) in a study in Seoul, Korea observed spatial 
variations of GEM concentrations within cities. 
Diurnal variations of GEM in urban areas are different from those in rural areas. 
Mercury studies in urban areas frequently report a diurnal pattern of GEM that 
accumulates overnight reaching a maximum before sunrise, rapidly decreasing after 
sunrise and reaching a minimum at sunset (Choi et al., 2013; Kim et al., 2011; Xin 
12 
 
 
Lan et al., 2014; Song et al., 2009). In contrast, studies in rural areas often report an 
pattern that GEM concentrations increase in the morning associated with increasing 
air temperature and solar radiation, and then decrease until the next sunrise (Choi et 
al., 2013; Kellerhals et al., 2003; Lan et al., 2014).  
Mercury studies in urban areas have been conducted in North American, Europe, 
and East Asian. However, these studies were conducted at different heights from the 
land surface, ranging from 1.5m to 81m. Mercury studies conducted in Toronto 
suggest that GEM concentrations may vary with height from the land surface (Denis 
et al., 2006; Song et al., 2009). A vertical variation in GEM concentration limits the 
ability to compare of urban mercury studies conducted at different heights. 
1.6 Scope of This Research 
Most previous research on gaseous mercury concentrations has been conducted in 
rural areas. Only a few studies have examined mercury concentrations and its 
variation in urban settings. Fewer still have examined mercury variations from a land 
surface with given sampling locations at different heights. From a review of the 
literature, I have the following research questions: Do TGM concentrations at ground 
surface and height from the land surface exhibit similar diurnal and seasonal 
variations? What physical factors affect temporal variation in TGM concentration? 
Can a local brownfield be a source of urban TGM concentrations? To address these 
questions, TGM concentrations were measured at two heights (1.8 m and 42.3 m) at a 
brownfield site in Syracuse, NY. To interpret TGM variation, mercury evasion flux 
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data and meteorological data were obtained and evaluated over diurnal and seasonal 
timescales. During the study, the brownfield adjacent to the TGM measurement site 
was removed and a large impervious area (parking lot) was installed. I investigated 
the response of TGM concentrations to this land cover modification. Finally, I 
compared TGM measurements observed at this site with TGM measurements 
obtained at rural and urban sites in New York State. 
2. Methods 
2.1 Site Description 
This study was conducted at the Urban Ecological Observation Tower (N 43° 3' 
0.05", W 76° 8' 25.62") in Syracuse, NY. Syracuse is the fourth most populous city of 
New York State (144,669; 2013 Census). The region has a humid continental climate. 
Annual average temperature is 9.4℃, annual rainfall is 977 mm, and annual snowfall 
is 3145 mm. The tower is located in the urban core of Syracuse, adjacent to two major 
highways (rtes 81 and 690; Figure 1). Commercial buildings are positioned to the 
south and residential houses to the north of the tower. The dominant immediate land 
cover is impervious land, comprising 68% of the total area of 1 km2 around the tower 
(Buckley et al., 2014). There was large area of brownfield adjacent to the tower, and 
approximately 150,000 ton of contaminated soil was removed in May 2015 for site 
restoration and parking construction (4,950 m2). Mercury concentrations in the soil 
removed from the site ranged from 0.05 to 0.23 mg/g (N=18). 
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Figure 1. Sampling location of total gaseous mercury measurements in Syracuse, NY, 
USA. 
 
2.2 Instrumentation 
In this study, TGM concentration was measured using a Tekran 2537A mercury 
vapor analyzer to perform automatic, continuous long-term data collection. The 
2537A analyzer uses cold vapor atomic fluorescence spectrometry (CVAFS) with a 
0.1 ng/m3 detection limitation. In the measurements, gaseous mercury in sampled air 
is initially captured by an internal gold matrix, and then it is released into an argon air 
flow and finally it is transported to a quartz cuvette. The gaseous mercury is then 
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illuminated by a low-pressure mercury vapor lamp and emits fluorescence which is 
quantified as voltage values by a photomultiplier tube. The gaseous mercury 
concentration shows a linear relationship with the voltage. To characterize the linear 
relationship for purpose of instruments calibration, the voltages of two mercury 
concentrations (0 and 27.1 ng/m3) were measured. Zero mercury air (0 ng ∙ 𝑚−3) is 
produced by a zero mercury air generator and the sample of standard mercury (27.1 
ng ∙ 𝑚−3) is produced by the permanent mercury source in the analyzer. 
2.3 Sampling Methods 
2.3.1 Atmospheric Mercury  
In this study, the TGM in air was measured at two heights: ground (1.8 m) and 
upper (42.7 m) level (Figure 2). The sampling inlet at the ground level is adjacent to 
the observation tower and next to E. Water Street. The sampling inlet of upper level is 
located on the top of the observation tower. A pump was used to deliver air samples 
from the top of the tower to the mercury analyzer. TGM concentrations of sample air 
were measured twice at each inlet switched by a valve which controlled by the Model 
1110 controller. A Model 1120 controller was also used to achieve a standard addition 
for quality control measurement. The TGM concentration was measured over three 
periods during the study (June 2011-July 2011, November 2011-June 2012, June 2015 
to May 2016). 
2.3.2 Mercury Evasion Flux Measurement  
Soil mercury evasion was measured using a dynamic flux chamber during June 
2015 after brownfield restoration (Figure 3). The dynamic flux chamber is a 3.87 L 
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clear polycarbonate vessel, with an 18.4cm diameter, which was sealed to the ground 
surface. To facilitate the air exchange rate in the chamber, 8 holes equally distanced 5 
cm above the ground surface are positioned on the chamber wall. A Tekran 2537A 
mercury vapor analyzer was used to make separate measurements of TGM 
concentrations inside the dynamic flux chamber and of outside ambient air. One inlet 
connected to the top of the chamber was used to sample air inside the chamber. The 
other inlet was positioned next to the chamber, 5 cm above the ground surface. 
Duplicate measurements were taken at each inlet and switched via a valve unit 
controlled by a Model 1110 controller. Soil mercury evasion flux is calculated with 
equation 1: 
F = (Cchamber − Cambient)×
Q
A
                                 [1] 
F is mercury flux rate (ng ∙ m−2 ∙ h−1); 
C chamber is the TGM concentration of air inside the flux chamber (ng ∙ m−3); 
C ambient is the TGM concentrations of ambient air (ng ∙ m−3);  
Q is flow rate of flushing air (L ∙ min−1); and 
A is the area of soil exposed in the chamber (m2).  
In this study, Q is 4.4 L ∙ min−1, A is 0.11 m2. 
Two pumps were used to circulate air inside the chamber. The GASF pump 
(3.4 L ∙ 𝑚𝑖𝑛−1) was used to measure TGM concentrations of air inside the chamber 
and the KNF pump (5.9 L ∙ 𝑚𝑖𝑛−1) was used to measure TGM concentrations of 
ambient air.  
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Figure 2. Schematic diagram of atmospheric TGM measurement system used in this 
study. 
 
 
Figure 3. Schematic diagram of soil evasion measurement system used in this study. 
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2.4 Quality Assurance/ Quality Control 
2.4.1 Automatic Calibration 
The Tekran 2537A mercury vapor analyzer can achieve automatic calibration at 
set intervals. In this study, the calibration interval was 25 hours. 
2.4.2 Standard Addition 
The performance of the Tekran 2537A mercury analyzer was verified with 
standard addition from a permanent source inside the analyzer. The recovery rate of 
the standard addition is used to determine the performance of the analyzer. The 
analyzer is regarded as working effectively if recovery rate falls within the range of 
80~120% of the standard. In this study, the standard addition occurred after every 35 
measurements and the recovery rate was calculated with equation 2. 
                  𝑅 =
𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝐶𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
𝐶𝑡ℎ𝑒𝑜𝑟𝑦
×100%              [2] 
C measured is the actual mercury concentration detected by the 2537A analyzer (ng ∙
m−3); 
C background is the mercury concentration in ambient air (ng ∙ m−3); and 
C theory is the theoretical mercury concentration (ng ∙ m−3).  
In this study, C theory is 27.2 ng ∙ m−3. 
2.4.3 Manual Injection 
The manual injection was used to examine the accuracy of the soil evasion flux 
system. The saturated mercury vapor was injected into the chamber through holes on 
the chamber wall. The mercury concentration was measured by the analyzer and the 
recovery rate of mercury was calculated with equation 3. In this study, the mercury 
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analysis system is regarded as providing accurate measurement within 80~120% 
recovery rate of the standard addition. 
R =
(𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝐶𝑎𝑚𝑏𝑖𝑒𝑛𝑡)×𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑×(𝑣𝑝𝑢𝑚𝑝+1)
𝐶𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛×𝑉𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑
           [3] 
C saturation is the mercury saturation concentration at a given air temperature (ng ∙
𝑚−3); 
C measured is the mercury concentration the 2537A analyzer detected (ng ∙ 𝑚−3); 
C ambient is the mercury concentration in ambient air (ng ∙ 𝑚−3); 
V injection is the volume of saturate mercury air injected in the sampling air flow 
(µL); 
V sample is the volume of sampling air measured by the 2537A analyzer (L); and  
𝑣𝑝𝑢𝑚𝑝 is the flow rate of GAST pump (L ∙ 𝑚𝑖𝑛
−1). 
In this study, C saturation is obtained from mercury saturation concentration table base 
as a function of air temperature, V sample is 5 L, and 𝑣𝑝𝑢𝑚𝑝 is 3.4 m/s. 
2.4.4 Determining the GAST Pump Flux 
To determine the flow rate of the GAST pump for use in field measurement of 
mercury flux, an experiment was conducted in the laboratory. The dynamic flux 
chamber was sealed on a Teflon board with plasticine. The saturated vapor of mercury 
was injected into the chamber through a hole on the chamber wall, the mercury 
concentration was measured by the 2537A mercury vapor analyzer, and the recovery 
rate was calculated with equation 3. In the experiment, the recovery rate was 
examined at three different flow rates (3, 3.4, 5.9 L ∙ 𝑚𝑖𝑛−1). The injection was 
repeated 10 times at each flow rate. The result revealed that the mercury recovery rate 
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is most stable (108.0%±1.1%) at the GAST pump flow rate of 3.4 L ∙ 𝑚𝑖𝑛−1. 
2.5 Data Analysis 
The mean value and standard deviation of the measurements for a particular 
period were calculated using data within the 90th confidential intervals of that period. 
The data were subdivided by season (winter: December-February, spring: March-May, 
Summer: June-August, and fall: September-November) and hours of day (Eastern 
Standard Time). The wind data were classified into 11 subsets based on wind speed, 
and average TGM concentrations were calculated for each subset. The Spearman’s 
correlation coefficient was used in a bivariate correlation analysis. T-test and ANOVA 
test were used to examine differences in variables between two and among more 
groups, respectively. Linear regression was used to examine linear relationships 
between factors.  
2.6  Data from Other Study Sites 
Meteorological data were available from a weather station installed on the tower 
and operated by the State University of New York College of Environmental Science 
and Forestry (SUNY-ESF). These data include air temperature (1.8 m and 42.3 m), 
relative humidity, solar radiation, precipitation, wind speed and direction at 15-minute 
intervals. The air quality data from 2010 to 2012, included CO, SO2 and O3, were 
provided by US EPA at Madison, NY (N 43°05’24”, W 76°05’92”). TGM data at the 
Syracuse CoE site were compared to values from other sites. These include a site 
operated by Dr. Huiting Mao located on the roof of Jahn Hall on the SUNY-ESF 
campus, which is approximately 25m above ground and located on the south of the 
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CoE site, 1.8 km away. Three other sites were examined that are associated with the 
National Atmospheric Deposition Program, Atmospheric Mercury Measurement 
Network, located in Rochester (NY95; N 43°8’46.67”, W 77°32’53.20”), NY, 
Huntington Forest (NY20; N 43°58’23.16”, W 74°13’23.16”), in the rural 
Adirondacks, and in the New York City (NY06; N 40°52’4.80”, W 73°52’41.52”). 
 
 
Figure 4. Location of atmospheric mercury monitoring sites used in New York State. 
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3. Results 
3.1  TGM Variations and Factors Controlling TGM Variation Prior to Soil 
Removal 
3.1.1 Overall Summary 
The average TGM concentrations at the Syracuse CoE from 2011 to 2012 were 
1.6±0.58 and 1.4±0.40 ng/m3 at the ground and upper levels, respectively (Table 1). 
The concentrations at the ground level were significantly higher than those at the upper 
level (Figure 5) during this period (p<0.001). Concentrations at the upper level 
generally increased with increasing TGM concentrations at the ground level (Figure 6). 
However, with increases in TGM concentrations at ground level, TGM concentrations 
at the upper level increased but to a lesser degree, resulting in a divergence in the 
relationship of the concentrations between the two heights (y = 0.62 ∙ lnx + 1.09 ; 
where x is TGM concentrations at the ground level and y is the TGM concentration at 
the upper level; p<0.01). 
23 
 
 
 
Figure 5. Comparison of overall average TGM concentrations for ground and upper 
level, and before (2011-2012) and after (2015-2016) brownfield remediation. Shown 
are the mean and median values, quartile range and extreme observations. 
 
 
Figure 6. Comparison of TGM concentrations at the ground level with values at 
height before (2011-2012) and after soil removal (2015-2016). 
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3.1.2 Seasonal Variation 
Seasonal average concentrations of TGM from 2011 to 2012 with associated 
meteorological and atmospheric chemical parameters are compared in Table 1. 
Seasonal average concentrations of TGM were 1.5± 0.44, 1.8± 0.55, 1.7± 0.60 and 
1.4±0.27 ng/m3 at the ground level and 1.3± 0.29, 1.5±0.32 , 1.4± 0.46, 1.3± 0.27 
ng/m3 at the upper level, in spring, summer, fall, and winter, respectively. The maximum 
TGM concentrations at both heights occurred in summer, and minimum TGM 
concentrations occurred in winter. Meteorological parameters and air pollutants also 
exhibited seasonality, with maximum air temperature, solar radiation, precipitation and 
O3 occurring in summer; maximum humidity, snowfall, CO, SO2 occurring in winter; 
and maximum of CO2 occurring in spring.  
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Table 1. Seasonal mean and standard deviation of TGM measurements and supporting 
meteorological factors, air quality concentrations at Syracuse for 2011-2012 
  
Spring Summer Fall Winter 
TGM 
concentration 
at ground level 
(ng/m3) 
1.5±0.44 1.8±0.55 1.7±0.60 1.4±0.27 
TGM 
concentration 
at upper level 
(ng/m3) 
1.3±0.29 1.5±0.32 1.4±0.46 1.3±0.27 
Temperature at 
ground level 
(℃) 
10.34±7.60 23.10±4.80 9.01±5.26 1.95±4.80 
Temperature at 
tower level 
(℃) 
9.68±7.39 22.11±4.35 8.51±5.35 1.47±4.79 
Solar radiation 
(W/m2) 
200.45±90.42 283.89±88.01 52.93±50.37 67.70±42.87 
Daily average 
precipitation 
(mm) 
1.04 4.49 3.49 2.50 
Humidity (%) 59.83±19.84 59.16±16.39 66.35±17.71 71.29±15.46 
Seasonal 
snowfall (cm) 
55.7 0 25.1 233.8 
CO (ppm) 0.28±0.10 0.27±0.07 0.31±0.16 0.32±0.15 
CO2 (ppm) 404.68±25.35 399.28±27.63 397.29±12.73 403.21±22.30 
SO2 (ppm) 0.55±0.67 0.62±0.69 0.71±0.64 0.82±0.69 
O3 (ppm) 0.03±0.01 0.04±0.02 0.02±0.01 0.02±0.01 
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3.1.3 Diurnal Variability 
Different diurnal patterns of TGM concentration were observed for different 
seasons at ground level prior to brownfield remediation (Figure 7). In spring, TGM 
concentrations constant at night, increased and reaching a maximum at 10:00, 
decreased until sunset, then increased in early evening. In summer, TGM 
concentrations increased starting in early afternoon reaching a peak at midnight, 
followed by another increase at sunrise and reaching a maximum in early morning 
and then values decreased until early afternoon. In fall, TGM concentrations increased 
after sunrise and reaching a peak at noon, followed by a decrease in the afternoon, 
which reversed after sunset reaching a peak before midnight. In winter, TGM 
maintained a low and relatively constant concentration during nighttime, followed by 
an increase in the morning reaching a maximum at 14:00, with values decreasing in 
the afternoon to the evening. At the upper height, the diurnal patterns in non-winter 
seasons were similar with diurnal patterns at the ground level. In the winter relatively 
constant TGM concentrations were observed throughout the day. 
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Figure 7. Comparison of diurnal patterns of TGM concentration at ground level and 
height before (2011-2012) and after brownfield remediation (2015-2016). 
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3.1.4 Relationships between TGM Concentrations and Meteorological Factors 
The daily average TGM concentrations were positively related with daily average 
air temperatures at the two heights prior to brownfield remediation (Figure 8; TGM 
concentration (y, in ng ∙ 𝑚−3) and air temperature (x, in ℃) is 𝑦 = 1.31 +
1.97×10−2𝑥 (p<0.01) at the ground level and 𝑦 = 1.17 + 1.19×10−2𝑥 (p<0.01) at 
upper level, respectively). 
 
Figure 8. Relationship between TGM concentration and air temperature at ground level 
and at height before (2011-2012) and after (2015-2016) brownfield remediation.  
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The daily average TGM concentrations were positively related with daily average 
solar radiation at both heights prior to brownfield remediation (Figure 9; 𝑦 = 1.25 +
1.5×10−3𝑥 at the ground level and 𝑦 = 1.13 + 1×10−3𝑥 at upper level, where y is 
TGM concentration (ng ∙ 𝑚−3) and x is solar radiation (W/m2)).  
 
Figure 9. Comparison of TGM concentrations and solar radiation at ground and upper 
level before (2011-2012) and after (2015-2016) brownfield remediation. 
 
TGM concentrations were negatively related to wind speeds at both heights prior 
to soil remediation. TGM concentrations decreased markedly with increasing wind 
speed at low wind speeds (<7m/s), and approached a relatively constant concentration 
with increasing wind speed (Figure 10a; y = 1.85 − 0.26 ∙ lnx; p<0.01 at the ground 
level and y = 1.45 − 0.13 ∙ lnx; p<0.01 at the upper level, where y is TGM 
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concentration (ng ∙ 𝑚−3) and x is wind speed (m/s)).  
 
Figure 10. Comparison of relationship between TGM concentrations and wind speed 
at height before (2011-2012) and after (2015-2016) brownfield remediation. 
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3.2 TGM Variations and Controlling Factors after brownfield Removal 
3.2.1 TGM Variation  
After brownfield soil removal and parking lot installation, there was a significant 
decrease in TGM concentrations observed at both heights. The average TGM 
concentration after soil removal (2015-2016) were 1.1±0.28 and 1.1±0.24 ng/m3 at the 
ground level and upper level, respectively. There was no significant difference between 
TGM concentrations at two heights (Figure 5). The relationship of TGM concentrations 
at the ground level (X) and the TGM concentration at upper level (Y) is y = 0.91x +
0.18 (p<0.01).  
After brownfield remediation, diurnal patterns were significantly altered. At the 
ground level, TGM concentrations increased at nighttime and decreased to lower values 
during daytime, then increasing after sunset in the spring and fall. In summer, TGM 
increased after sunset and reaching a maximum at 2:00, followed by a decrease to early 
morning, and then concentrations increased and remaining elevated until noon. There 
were no data collected at ground level in winter due to instrument failure. At the upper 
level, TGM had higher concentrations at nighttime and decreased to lower 
concentrations during daytime in non-winter seasons, but remained constant 
concentration throughout the day in winter. 
3.2.2 Relationship between TGM Concentrations and Meteorological Factors  
After brownfield remediation, there was no relationship between daily average 
TGM concentration and air temperature at the ground level (Figure 8c), but a negative 
linear relationship became evident at the upper height (Figure 8d; TGM concentration 
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(y, in ng ∙ 𝑚−3) and air temperature (x, in ℃) is 𝑦 = 1.12 − 0.01𝑥 (p<0.01)). A weak 
positive correlation between TGM concentrations and solar radiation was observed at 
the ground level (Figure 9; TGM concentration (y, in ng ∙ 𝑚−3) and air temperature (x, 
in W/m2) is 𝑦 = 1.03 + 6×10−4𝑥 ). No significant correlation between TGM 
concentrations and solar radiation was observed. In addition, no relationships were 
detected between TGM concentrations and wind speed (Figure 10b) after soil removal 
and parking lot installation. 
3.2.3 Relationship of Mercury Evasion Flux with TGM Concentrations and 
Meteorological Factors 
Soil mercury evasion flux was measured at the CoE in June 2015 after remediation 
(Figure 11a). The net daily mercury flux was negative (-1.72 ng ∙ 𝑚−2 ∙ 𝑑𝑎𝑦−1; net 
deposition) for the month. Mercury flux was negative value during nighttime (i.e. net 
deposition). Values sharply increased at 5:00 and reached a maximum at 8:00, remained 
as net emission to the atmosphere until 12:00 and then decreased to negative values. 
This flux pattern positively related to the diurnal pattern of TGM concentration at the 
ground level for this month (R=0.71, P<0.01). Moreover, soil mercury flux 
measurements were correlated with air temperature (R=0.54, p<0.01), solar radiation 
(R=0.83, p<0.01), UV radiation (R=0.71, P<0.001), visible light (R=0.71, P<0.001), IR 
radiation (R=0.73, P<0.001) and ground temperature (R=0.48, P<0.05). 
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Figure 11. Mean daily diurnal pattern of TGM concentrations at the ground level 
and at height with mercury evasion flux from soil in June 2015. Also shown are 
air temperature, solar radiation and relative humidity. 
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4. Discussion 
4.1 TGM Variation Prior to Soil Removal 
4.1.1 Meteorological Factors Influence on TGM Concentrations  
Daily average TGM concentrations were positively correlated with air temperature 
at both heights before soil remediation and parking lot installation (Figure 8). This 
observation is consistent with study of Zhu et al. (2012) of an urban site in Nanjing, 
China and suggests that TGM concentrations are controlled by local soil mercury 
evasion which increases with increasing air temperature (Gabriel et al., 2006). The 
increasing rate of TGM concentration with air temperature was different for the two 
heights, the rate at the ground level (0.02 𝑛𝑔 ∙ 𝑚−3 ∙ ℃−1) was twice that at the upper 
height from the land surface (0.01 𝑛𝑔 ∙ 𝑚−3 ∙ ℃−1). The difference of increasing rate 
of TGM concentration with air temperature at the two heights is likely due to the 
dilution of surface mercury with the surrounding air. Zhu et al. (2012) reported a 0.17 
𝑛𝑔 ∙ 𝑚−3 ∙ ℃−1 TGM increasing rate with air temperature at urban area of Nanjing, 
almost an order of magnitude greater than these observed at the CoE. Very high mercury 
TGM concentrations (7.9±7.0 ng/m3) in ambient air were reported for the Nanjing study 
and elevated mercury concentration undoubtedly contributes to the difference in the 
mercury sources between the two sites. 
A positive relationship between TGM concentration and solar radiation was 
observed in this study, which may reflect enhanced mercury emission rate with solar 
radiation (Gustin et al., 2002). However, TGM concentration had moderate correlation 
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with solar radiation, which may because of GEM oxidation also increases with 
increases in solar radiation (Poissant et al., 2004), which could offset the enhancing 
effect of solar radiation on mercury emission rate. 
Negative correlations between TGM concentrations and wind speed were observed 
at both heights (Figure 10a). At low wind speed, TGM concentrations decreased 
markedly with increasing wind speed. With increases in wind speed TGM concentration 
decreased and eventually leveled off. Gabriel et al. (2006) reported mercury evasion 
from bare soil is much higher than that from impervious surfaces. Therefore, TGM 
concentrations at the CoE site was likely higher than the surrounding air due to soil 
mercury evasion from the brownfield soil. The negative relationship between wind 
speed and TGM concentration is thought to be the result of local TGM supplied from 
emission of brownfield soil that was diluted by cleaner air entering the site from 
surrounding area (Lan et al., 2014). TGM approached a constant concentration (1.2 
ng/m3) at upper level at higher wind speeds, which are thought to approach 
concentrations of ambient air (NY20; Table 2). 
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Table 2. Annual mean and standard deviation of TGM for Syracuse COE and other 
sites in New York (2011-2016) 
 
 NY06 NY20 NY95 Syracuse 
Ground 
Syracuse 
upper 
2011-
2012 
Overall 1.6±0.40 1.3±0.29 1.4±0.32 1.6±0.58 1.4±0.40 
spring 1.5±0.33 1.5±0.26 1.3±0.18 1.5±0.44 1.3±0.29 
summer 1.6±0.38 1.20±0.30 1.3±0.21 1.8±0.55 1.5±0.32 
fall 1.6±0.57 1.2±0.30 1.4±0.54 1.7±0.60 1.4±0.46 
winter 1.5±0.27 1.3±0.14 1.4±0.15 1.4±0.27 1.3±0.27 
2015-
2016 
Overall 1.8±0.27 1.2±0.22 1.4±0.20 1.1±0.28 1.1±0.24 
Spring 1.8±0.25 1.3±0.11 1.4±0.16 1.2±0.20 1.1±0.12 
Summer 1.8±0.33 1.1±0.22 1.4±0.27 1.1±0.31 1.0±0.28 
Fall 1.7±0.30 1.1±0.21 1.3±0.18 1.1±0.26 1.0±0.27 
winter 1.8±0.27 1.3±0.11 1.3±0.22 ------ 1.2±0.10 
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4.1.2 Vertical TGM Concentration Differences  
TGM concentrations at the ground level were significantly higher than those at 
height prior to brownfield remediation, and the difference in concentration between the 
two heights increased with increasing TGM concentrations (Figure 5). This divergence 
in concentrations with elevation is thought to be due to mixing and dilution with 
ambient air with lower TGM concentrations. TGM concentrations at the CoE showed 
seasonal differences, with the highest values in summer and the lowest concentrations 
in winter. This seasonal variation in TGM concentration is thought to be a result of 
mercury emissions from the land surface which is enhanced with increases in 
temperature and solar radiation (Kim et al., 2011; Lan et al., 2014; Zhu et al., 2012). 
TGM emissions from the local ground surface appears to be an important mercury 
source at this site. Some of the TGM at the upper height is likely derived from the local 
ground surface which was vertically transported to a higher elevation.  
4.1.3 The Diurnal Variation of TGM Concentrations  
Different diurnal patterns were observed at the two heights in different seasons, 
which is thought to be a result of seasonal variation in PBL height, mercury emissions 
from the ground surface, GEM oxidation and dilution. 
In spring, similar diurnal patterns were evident at the two heights. TGM reached 
maximum at sunrise, then decreased until the sunset. This pattern is frequently reported 
in urban areas and thought to primarily due to the variation in PBL height (Choi et al., 
2013; Lan et al., 2014; Song et al., 2009). The PBL maintains a low height at nighttime, 
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limiting TGM dilution with the upper atmosphere. Under a low PBL height with 
constant anthropogenic mercury release, TGM accumulates and its concentrations 
increase. After sunrise, PBL height increases with air temperature (Figure 12). The 
increase in PBL height allows surface air mixing with air away from the Earth’s surface 
decreasing TGM concentrations. In addition, increased temperature and solar radiation 
could enhance GEM oxidation during daylight, which would also decrease TGM 
concentrations. 
In summer, TGM concentrations increased during nighttime and reaching a peak 
at midnight, followed by an increase at sunrise reaching a maximum at 8:00 and then 
decreased. The nocturnal increase in TGM concentration is thought to due to decrease 
in the PBL height as suggested above. The increase in TGM concentration at sunrise is 
likely to be a result of an overnight accumulation, however, the decrease in TGM 
concentration observed in the early morning contrasts with this hypothesis. There are 
two possible explanations for the increase in TGM at sunrise. Stamenkovic et al. (2007) 
explained this increase as reemission of mercury deposited to the ground surface during 
nighttime with daylight increases in solar radiation; Scheroeder et al. (1998) interpreted 
this increase as TGM in the upper atmosphere above the residual layer mixing with 
surface air associated with an increase in the PBL height after residual layer eroded. 
TGM concentrations in fall were similar with those in summer, however, the increase 
at sunrise was not observed (Figure 7). This difference suggests that TGM from upper 
atmosphere mixing with surface air is not the mechanism for the increase in TGM 
concentration during summer, but rather mercury reemissions associated with solar 
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radiation. Solar radiation is weakened in fall (Table 1), resulting in less TGM emitted 
at sunrise, limiting the TGM increase observed at sunrise. TGM concentrations 
remained constant concentration during daylight in summer, which is likely a result of 
mercury evasion from the brownfield offset by mercury loss due to increasing GEM 
oxidation and mercury dilution with increasing PBL height.  
In fall, TGM concentrations increased after sunrise, reaching a maximum at noon 
then decreased until sunset. This pattern is thought to be a result of TGM increases due 
to reduced PBL height during night and strong mercury emission from the ground 
surface in the morning. Decreases in the afternoon are likely due to increasing GEM 
oxidation and RGM deposition. TGM concentration increases due to local mercury 
evasion tend to offset by GEM oxidation, however solar radiation is weakened in fall, 
and mercury evasion exceeds GEM oxidation causing TGM concentrations to increase 
in the morning. 
During winter, the diurnal patterns were different at the two heights. At the ground 
level, TGM concentrations increased from 9:00 to 14:00, then decreased and remained 
low concentration for the remainder of the day. At the upper height, a constant 
concentration of TGM was maintained throughout the day. There was no nocturnal 
increase in TGM concentration observed at the two heights. Low air temperature and 
snowpack are probably responsible for the lack of nocturnal TGM increase. Gabriel et 
al. (2006) showed that soil mercury flux is significantly related with air temperature. 
Low air temperature likely limits soil mercury evasion. Moreover, the ground surface 
at this site is covered with snow for extended periods during winter. Any TGM emitted 
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from ground surface was likely trapped by snowpack. These two factors likely limit soil 
TGM emission rate during winter and as a result TGM concentrations remained low 
during nighttime. After sunrise, mercury evasion increased with increasing air 
temperature, possibly associated with the release of TGM from melting snow (Choi et 
al., 2013; Huang et al., 2010). This hypothesis is supported by the correlation between 
diurnal pattern of TGM concentration at the ground level with air temperature (0.93, 
p<0.01). Due to mixing, the released TGM from melting snow was diluted with ambient 
air and did not reach the upper height, causing TGM concentrations at upper height to 
remained at a constant concentration.  
4.2 Brownfield Influence on TGM Concentrations and Variation 
4.2.1 Brownfield Influence on TGM Concentrations 
After soil removal and parking lot installation, there were 32% and 22% decreases 
in TGM concentrations observed at the ground and upper level, respectively. The 
remarkable decrease in TGM concentration is thought to be due to a reduction in local 
mercury emissions associated with brownfield restoration. Regional decreases in TGM 
concentrations associated with emission controls might also be a factor. TGM 
measurements conducted from 2013-2015 at SUNY-ESF by Dr. Huiting Mao showed 
a 9% decrease in TGM concentration. The decrease in TGM concentrations is likely a 
representative of regional decrease. The decline rate at the ESF site much less than that 
at the CoE site, suggesting regional decrease in TGM concentration is not enough to 
explain the concentration decrease observed at the CoE site. It appears that brownfield 
41 
 
 
remediation is largely responsible for the decrease in TGM concentrations at the CoE 
site. 
The brownfield is thought to elevate local TGM concentrations due to enhanced 
local mercury evasion. TGM concentrations were positive correlated with air 
temperature (Figure 8) and solar radiation (Figure 9) prior to brownfield remediation. 
These relationships provide evidence that local mercury evasion drives the magnitude 
and some of the variation in local TGM concentrations. These correlations were not 
evident after remediation, suggesting that local soil evasion was a much smaller 
contribution to local TGM concentrations after brownfield remediation. Indeed, 
mercury flux measurements in summer after brownfield remediation (Figure 8) showed 
a net deposition of TGM to this site (-1.72 ng ∙ 𝑚−2 ∙ 𝑑𝑎𝑦−1 ). Moreover, TGM 
concentrations did not vary with wind speed (Figure 10b) after brownfield remediation. 
The concentrations difference between the two heights was caused by the relatively 
high local soil mercury evasion coupled with dilution following vertical transport from 
the land surface, as suggestion in section 4.1.2. However, mercury from regional air 
was the dominate source after brownfield remediation. The concentration data in Table 
2 does not indicate this. There was no TGM concentrations difference between the two 
height after remediation (Table 1). 
Prior to remediation, TGM diurnal patterns were significant affected by local 
mercury evasion and variation in PBL height. The two factors caused TGM 
concentrations to be elevated during night and in the morning. After remediation, the 
influence of soil mercury evasion was reduced and PBL variation became the dominate 
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influencing factor. A diurnal pattern, which had higher TGM concentrations during 
nighttime and lower during daytime was observed during the non-winter seasons at the 
upper level and in spring and fall at ground level. Even though the influence of mercury 
evasion reduced after brownfield remediation, however, it still significantly promoted 
TGM concentration at the ground level in summer due to increasing mercury 
reemission with higher air temperature and stronger solar radiation.  
4.2.2 Influence on Relationship between TGM Concentration and Meteorological 
Factors 
The role of brownfield mercury emissions on local TGM concentrations is also 
demonstrated by the change of relationships between TGM concentrations and 
meteorological factors. Prior to brownfield removal, the daily average TGM 
concentrations were positive related with daily average air temperature (Figure 8a, 8b), 
however, there was no relationship with air temperature at the ground level (Figure 8c) 
and a negative relationship at the upper level (Figure 8d) after brownfield remediation. 
The change in the TGM-temperature relationships is thought to be a result of reduced 
local mercury emission due to brownfield removal. Air temperature affects TGM 
concentrations through several mechanisms: Increasing air temperature promotes 
mercury emission. At same time, increasing air temperature also speeds up GEM 
oxidation rate and enhances TGM dilution associated with increasing PBL height. Prior 
to brownfield remediation, TGM released from soil mercury emission exceeded TGM 
losses due to dilution and oxidation. The overall net effect was increased local TGM 
concentrations, which resulted in a positive relationship between TGM concentration 
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and air temperature. After soil remediation, mercury emission decreased and TGM was 
likely derived from regional sources. At the upper level, mercury supply from local 
evasion was reduced but was ongoing losses from oxidation and dilution remain 
constant, causing a negative relationship between TGM and air temperature (Figure 8d). 
At the ground level, loses from oxidation and dilution exceeded mercury evasion in 
spring and fall, which likely caused a negative correlation between air temperature and 
TGM concentration. However, enhanced mercury evasion due to high air temperature 
and strong solar radiation were greater than the loses in summer, resulting in a positive 
relationship between air temperature and TGM concentration. Considering all 
observations, following soil remediation TGM concentrations did not vary with air 
temperature (Figure 8c).  
Solar radiation is thought to accelerate GEM oxidation, and induce deposited 
mercury to be reduced and re-emited. The positive correlations between TGM 
concentration and solar radiation prior to brownfield remediation should be the result 
of enhanced mercury evasion exceeding mercury loss due to GEM oxidation. After 
brownfield remediation, TGM concentrations decreased resulting in less TGM 
deposited to the ground surface and less TGM reemitted due to solar radiation. Thus, 
the increasing effect of solar radiation on TGM concentrations reduced, and is offset by 
GEM oxidation, resulting in TGM concentrations that did not vary with solar radiation 
after brownfield remediation (Figure 9). 
Wind is thought to decrease local TGM concentrations by advecting cleaner air into 
this site as discussed in section 4.1.1, causing negative correlations between TGM 
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concentration and wind speed. However, TGM approached a constant concentration 
(1.2 ng/m3) at the upper level with higher wind speeds, which approximately the 
regional concentration value (NY20; Table 2). Since TGM concentrations at the COE 
did not vary with wind speed after brownfield, local TGM concentration (1.1 ng/m3) 
should be representative of regional ambient concentrations, which is considered as a 
concentration with air well mixing at Syracuse urban area. There was a 2.1%/year 
decrease in regional TGM concentrations, which is consisted with the decline rate 
observed at Huntington Forest (1.9%/year) at same time period, demonstrating my 
hypothesis in Section 4.2.1 that the decrease in TGM concentration observed after soil 
remediation was the result of brownfield removal rather than a decrease in regional 
TGM concentration. 
4.3 Comparison with Mercury Variation at Other Sites 
4.3.1 The Comparison with Mercury Study in Toronto 
In this study, a decrease in TGM concentrations with increasing height of the 
sampling air inlet was evident prior to brownfield removal but concentrations were 
similar at both heights after soil removal. Mercury studies conducted at Toronto showed 
a positive relationship between GEM concentrations and the height of sampling inlets 
from the ground surface. Observations from Toronto showed GEM concentrations were 
2.39±2.05 ng/m3 at 3.5 m, 2.57±2.39 ng/m3 at 7 m (Denis et al., 2006) and 4.5±3.1 
ng/m3 at 12 m (Song et al., 2009) above the land surface. The 7 m air inlet was 
positioned in the tree canopy layer and the 3.5 m inlet was positioned under the canopy 
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layer. The tree canopy is thought to affect the vertical patterns of GEM concentrations. 
It is hypothesized that TGM concentration at 12 m is representative of ambient air. The 
lower TGM concentrations at lower heights beneath the tree canopy are thought to be 
due to mercury retention by foliage.  
4.3.2 Comparison of TGM Variation at the CoE with Other Sites in NY State 
The overall average TGM concentration from 2011 to 2012 were 1.6±0.40, 
1.3±0.29 and 1.4±0.32 ng/m3 for Bronx (NY06), Huntington Forest (NY20) and 
Rochester (NY95), respectively. A comparison of TGM concentrations at AMN sites 
with the observations in Syracuse showed that the ground level at Syracuse had the 
highest concentrations among the sites, followed by Bronx, Rochester, upper height at 
Syracuse and Huntington Forest. Huntington Forest is the only rural site and had the 
lowest TGM concentrations of the study sites, suggesting that local anthropogenic 
mercury sources contributed to higher TGM concentration in urban areas. Syracuse and 
Rochester are at similar latitudes, but TGM concentrations at the ground level at 
Syracuse prior to brownfield restoration were higher than concentrations at Rochester. 
The upper level at Syracuse had similar TGM concentrations as Rochester again 
suggesting that emissions from the brownfield were contributing to elevated TGM at 
Syracuse. 
Different diurnal patterns were observed across the seasons at the AMN sites 
(Figure 12). At Bronx and Rochester, different diurnal patterns were observed during 
winter and non-winter periods. In winter, the TGM concentrations remained at a 
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constant concentration through the day. During non-winter seasons, TGM 
concentrations were higher at nighttime and decreased to lower values during 
daytime. The variation in the PBL height is considered as the primary factor for 
diurnal variation in TGM during the non-winter seasons. Reduced mercury emissions 
associated with cold weather conditions and snowpack caused TGM remain at low 
and constant concentrations at the two sites during winter.  
 
 
Figure 12. Comparison of TGM diurnal patterns for Syracuse with AMN sites in New 
York State, including (a) spring; (b) summer; (c) fall; and (d) winter (2011-2012). 
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At Huntington, different diurnal patterns were observed during winter and non-
winter periods. In winter, the TGM concentrations remained constant at night, follow 
by an increase in TGM concentration in the afternoon. In the non-winter seasons, TGM 
concentrations reached a minimum value before sunrise, then increased and reached a 
maximum value around noon, and concentrations decreased in the afternoon until the 
next sunrise. The non-winter patterns are similar to patterns reported for rural areas and 
are thought to be driven by soil mercury evasion (Choi et al., 2013; Kellerhals et al., 
2003; X. Lan et al., 2012). In winter, snowpack and cold weather limits mercury 
evasion and the increases in TGM concentrations in the morning were not evident. In 
the afternoon, TGM release by evasion from either bare soil due to increasing air 
temperature, or associated with TGM release from melting snow caused an increase in 
TGM concentration.  
A diurnal pattern, which has higher TGM concentration during night and lower 
concentration during daylight, was frequently observed at the CoE site after brownfield 
remediation. This pattern consistent with the diurnal patterns observed at the Bronx and 
Rochester during non-winter seasons. This consistency suggests a common diurnal 
pattern of TGM concentrations in urban areas in NY State and indicates the diurnal 
patterns at the CoE site prior to brownfield removal were influenced by local mercury 
emissions. The winter pattern at the ground level of CoE site was similar with the winter 
pattern at Huntington Forest, which is thought to be due to cold weather associated with 
mercury release from melting snow. The winter pattern at the upper level at COE was 
similar to winter pattern observed at the Bronx and Rochester, which is considered a 
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result of cold weather associated with reduced soil mercury emissions. The difference 
in winter patterns between the two heights may be the result of mercury released from 
melting snow diluted to ambient air through vertical transport. 
Among the five site, Huntington Forest is the only rural site that did not exhibit a 
nocturnal TGM increase during any season. Nocturnal TGM increases were observed 
at the urban sites in the non-winter seasons, but not in winter. Since Huntington Forest 
is the only rural monitoring site, mercury emissions were likely reduced after sunset 
with decreasing air temperature and solar radiation (Choi et al., 2013). Urban sites had 
lower local mercury emission rate in winter due to cold weather and snow cover. 
Therefore, the lack of nocturnal TGM increases during winter are likely a result of low 
mercury emission rate at nighttime. However, there is not enough evidence to prove 
this hypothesis. 
5. Conclusions 
In this study, TGM variations at an urban brownfield were measured at two different 
heights from the land surface. Prior to brownfield remediation, TGM concentration and 
its diurnal and seasonal variations were significantly different at the two heights. 
Concentrations at the ground level were significant higher than those at the upper level 
and the concentrations difference between the two heights increased with increasing 
TGM concentration at ground level. The highest average concentrations were observed 
in summer and lowest concentrations were observed in winter.  
Multiple factors are thought to affect TGM variation at the Syracuse CoE site. 
Mercury emissions from the ground surface is thought to have been a substantial as 
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mercury source at this site. The extent of mercury evasion likely varied with season, 
with the highest rate in summer and lowest in winter. The variation in PBL height also 
influenced TGM diurnal variation at this site. The reduced PBL height at nighttime 
caused TGM concentrations to increase, and the increased PBL height during daytime 
coupled with elevated GEM oxidation, deposition and dilution likely caused TGM 
concentrations to decrease.  
TGM variation in urban areas has been reported to be significantly influenced by 
variation in PBL height, however few studies have reported the influence of seasonal 
variation in soil mercury evasion. There was a brownfield adjacent to the CoE site, and 
evasion of mercury from brownfield soil is thought to be a major factor causing elevated 
TGM concentration before soil remediation. During remediation, the contaminated soil 
was removed and a parking lot installed adjacent to the site. The marked decrease in 
TGM concentrations, changes in diurnal patterns of TGM concentration, and changes 
in the relationships of TGM concentrations with meteorological factors suggests 
reduced local mercury evasion. 
6. Suggestions for Future Study 
In this study, interesting patterns of TGM concentration were observed in the 
Syracuse urban landscape. I have further questions which could be answered with 
additional research: 
(1) There are limited TGM measurements after soil removal. In particular winter TGM 
measurements would provide information about TGM variation and changes after 
brownfield remediation.  
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(2) The influence of PBL height on TGM concentrations was recognized, but its impact 
was not quantified. To quantify the influence of PBL variation on TGM 
concentrations, information in mercury deposition rates and soil emission rates are 
needed. Mercury flux estimates are the net result of deposition and emissions. 
Combining TGM concentration and mercury flux measurement could be conducted 
to quantify the influence of the PBL on TGM variation. 
(3) In order to improving understanding of the factors influencing variation in TGM 
concentrations and to be able to predict mercury concentration in the future, an 
atmospheric mercury model should be applied to the study site considering soil 
mercury emission rates, deposition rate, mixing rate due to vertical movement of 
the PBL and other influencing factors. 
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